Introduction {#Sec1}
============

Elements are a basic component of all tissues of living organisms. Some elements, numbered among physiologically essential components, play an important role in the functioning of tissues and organs. Our organism also absorbs toxic elements. Their presence in the environment is a result of their natural existence or connected with anthropogenic and industrial activities. Toxic metals taken up by the body spread to different tissues and organs. Soft tissues are characterized by a dynamic exchange of elements. Hard tissues, which form our bones and teeth, accumulate most heavy metals absorbed by the body.

The structure of hard tissues is formed already during fetal life. The main component of hard tissues of the body, including teeth, is hydroxyapatite. Under physiological conditions, during the process of mineralization, various elements can be included in the hydroxyapatite structure. Their significance can be both physiological (e.g., Ca, Mg, Na, K) and toxic (e.g., Pb, Cd). The hydroxyapatite, which forms teeth tissues, has a particularly stable elemental structure; however, during lifetime, there are some modifications to its elemental composition \[[@CR1]\]. The elemental composition of the hydroxyapatite of teeth changes is a long-term process, which means that the metals that are included in its structure are released only to a small extent. Metals absorbed into the body and deposited in the teeth tissue remain there throughout lifetime. Thus, in conditions of occupational or environmental exposure, the concentration of toxic elements in teeth increases with age \[[@CR2]\]. This feature determines the usefulness of teeth when assessing a long-term exposure \[[@CR3]\].

Deciduous teeth are a biological material that in relation to the process of physiological replacement of teeth with permanent dentition may be obtained over a noninvasive method. What is more, it may be used to assess the concentration of elements in the body. Another typical fact is that the loss of specific types of deciduous teeth (e.g., incisors, canines) takes place in certain periods of a child\'s age. Several studies have revealed that the aging process may affect enamel physic properties related to the mineral composition \[[@CR4]--[@CR7]\]. In the case of deciduous teeth, resorption processes, which occur before the teeth loss, may also influence the mineral composition of hard tissues.

The aim of our research was to analyze the concentration of chosen physiological (Ca, Mn, Fe, Mg, Cu, K, and Cr) and toxic (Pb and Cd) elements in hard tissues of deciduous teeth of children prior to their physiological replacement. Population of children lived in the southern regions of Poland. This area is highly industrialized, and its inhabitants are to a great extent exposed to heavy metals. This paper examines whether and to what extent children\'s age, at which there was a physiological tooth loss, influences the concentration of chosen elements and the stability of elemental composition. Moreover, mutual quantitative relations between the studied elements in the structure of hard tissues in deciduous teeth were analyzed. Studies on the elemental composition of tissues usually focused on determining the levels of the individual components. They are also used correlation and regression methods \[[@CR2], [@CR8], [@CR9]\]. In this study in addition to the above methods, to determine the mutual quantitative relations of elements in the structure of hard tissues of deciduous teeth, we used a cationic equilibrium hypothesis \[[@CR10]\]. The cationic equilibrium hypothesis has been used in research concerning the elemental composition of both plant and animal tissues \[[@CR10]--[@CR12]\]. This hypothesis is based on the fact that the elemental composition of the studied tissues, in relation to the content of the main, relatively stable element that builds the structure of a given tissue, is a constant value. Further to the above assumption, the analysis of changes in the content of the analyzed elements (Mn, Fe, Mg, Cu, K, Cr, Pb, and Cd) in deciduous teeth was conducted with respect to the content of calcium as a reference element. Its content in the mineral structure of hard tissues of teeth is the highest.

Materials and Methods {#Sec2}
=====================

Subject {#Sec3}
-------

The subject of the study was deciduous teeth of healthy children living in southern Poland, in a town of the Silesian Province (Katowice, Ruda Śląska, Świętochłowice), from birth. To maintain an invariable environmental exposure to metals in terms of an area, the study did not include the teeth of children born outside the Silesian Province or those who changed their place of residence in the course of their lifetime. Children treated for chronic diseases were also excluded from the research. The studies were conducted with the approval of the relevant bioethical committee (SUM no. NN-6501-109/06). Deciduous teeth were collected from children during permanent physiological replacement of deciduous teeth. The study included 45 deciduous teeth from girls and boys aged 5--14 (mean age 8 ± 2.28 years). Teeth with dental fillings and those with decayed teeth crowning were not subject to laboratory tests (\<300 mg).

Preparation of Samples {#Sec4}
----------------------

After a thorough cleaning process, washing and rinsing with distilled water, deciduous teeth were dried to constant mass (85 °C/24 h). Then, they were crushed using a porcelain mortar. They were dried once again (85 °C/3 h). Each tooth provided for 300 mg of averaged sample that was given to further analysis \[[@CR13]\].

All the instruments used during the teeth preparation phase were washed with 10 % nitric acid (Merck) and then rinsed ten times with redistilled water and dried in a laboratory incubator (70 °C). All the chemical reagents used during the analysis and preparation had been awarded quality certificates.

The teeth of known dried mass were mineralized using 3 cm^3^ spectrally pure nitric acid (Suprapur; Merck) in the Teflon vessel for 24 h at a temperature of 23 ± 2 °C and then heated up to a temperature of ca. 120 °C to obtain a clear solution which was diluted with redistilled water to 10 cm^3^ \[[@CR14]\]. Lanthanum chloride was added for calcium determination with final diluted solution of 1 % before the sample analysis. The lanthanum chloride was prepared using La~2~O~3~ (Merck) and 36 % HCl (Merck), and redistilled water was added prior to calcium determination \[[@CR15]\].

The determination of the metals in the teeth was carried out over the atomic absorption spectroscopy (AAS) method (AAS-3, Carl Zeiss Jena).

The verification of determination accuracy was established by means of the standard addition method using the model of mass concentration of given metals. For calibration, the working solutions were prepared by precisely measured dilution of stock solutions with redistilled water. Blank samples were used after every ten samples. The procedure was validated by NIST 1486 (bone meal) (Table [1](#Tab1){ref-type="table"}).Table 1Analysis of NIST 1486 (bone meal) by AAS (microgram per gram) and Ca and Mg (percent)MetalCertified/noncertifiedMeasured (*n* = 6)Recover %Accuracy %Cd0.003^a^0.002993.3−6.7Cu0.8^a^0.87108.88.8Fe99^b^9393.9−6.1Mn1^a^0.9898.0−2.0Pb1.335^b^1.22892.0−8.0Zn147^b^14095.2−4.8Mg0.466^b^0.491105.45.4Ca26.58^b^24.6792.8−7.2K412^b^38493.2−6.8^a^Noncertified^b^Certified

Statistical Analysis {#Sec5}
--------------------

Statistical results were calculated by STATISTICA 10 for Windows. Due to the fact that the distribution of results in various groups was not normal (Shapiro--Wilk test, *p* \< 0.05), nonparametric tests were used in the statistical analysis of the results. To estimate the statistical significance, ANOVA rang Kruskal--Wallis test was used. The study on the interaction between age and metal concentrations in deciduous teeth was based on Spearman\'s rank test. It was considered as a statistically significant probability, *p* ≤ 0.05.

The value of the constant cationic equilibrium was set to determine the mutual quantitative relations between the studied elements in hard tissues of deciduous teeth. The constant cationic equilibrium is based on a hypothetical assumption that the elemental composition of the tissues is constant \[[@CR12]\]. This value was calculated based on the total average concentrations of all metals in relation to the concentration of calcium as a reference element. According to the assumption of the cationic equilibrium hypothesis, the reference element should play the main physiological role in the studied tissue, e.g., calcium in the osseous tissue \[[@CR16], [@CR17]\]. Another reason is that an element which decides the mineral composition of hydroxyapatite exhibits current capability to exchange ions \[[@CR1], [@CR16], [@CR18]\].$$\documentclass[12pt]{minimal}
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Results {#Sec6}
=======

Table [2](#Tab2){ref-type="table"} shows the contents of the analyzed elements in deciduous teeth of the studied group of children. The conducted statistical analysis included defining the range of changes in the content of the studied metals, arithmetic mean, median, standard deviation value, and coefficient of variation.Table 2Statistical characteristic of metal concentration in deciduous teeth, *n* = 45 (microgram per gram) and Ca and Mg (percent)Arithmetic meanRangeSDMedianCoefficient of variationMn4.390.73--12.92.973.7267.8Fe51.014.0--10823.949.947.1Pb13.44.00--29.26.3412.647.4Cd0.700.18--1.700.390.6156.3Cu4.622.33--8.261.394.7430.1Cr8.975.34--12.91.948.6721.7K240121--40367.523628.1Ca20.06.60--52.111.917.759.5Mg2,367698--4,4167132,26530.2

Among the studied metals, physiological elements (Ca, K, Mg) constituted the greatest quantities in deciduous teeth. The content of toxic Cd and microelements (Mn, Cu, and Cr) in deciduous teeth was the lowest (Table [2](#Tab2){ref-type="table"}). The character and direction of changes in the contents of the studied elements in the age function was assessed with the use of the correlation analysis (Table [2](#Tab2){ref-type="table"}). The graphic representation of the analysis conducted is an exemplary graph of Pb content changes in hard tissues of deciduous teeth as a function of age (Fig. [1](#Fig1){ref-type="fig"}). Values of the constant cationic equilibrium, which ranged 9.91--9.94, were set in order to determine mutual quantitative proportions between the studied metals in hard tissues of deciduous teeth. Figure [2](#Fig2){ref-type="fig"} shows the changes in the value of the constant cationic equilibrium in the analyzed age groups of the children studied: 5--6 years (*n* = 9), 7--9 years (*n* = 15), and 10--14 years (*n* = 16).Fig. 1The relationship between concentration of lead in deciduous teeth and age of childrenFig. 2Dependence between the cationic equilibrium constant and the age of the primary teeth

Discussion {#Sec7}
==========

Several research studies have shown that physiological elements, including Ca that is the main component of hydroxyapatite, have the highest concentration in hard tissues of teeth (Table [2](#Tab2){ref-type="table"}). The level of Cd was shown to be the lowest (0.18--1.70 μg/g) (Table [2](#Tab2){ref-type="table"}), and its concentration in hard tissues of teeth was mostly due to environmental pollution. The study results are in accordance with the data from the literature \[[@CR2], [@CR19]\]. The analysis of changes in the concentrations of the analyzed elements in deciduous teeth, defined by the coefficient of variation, showed the least variability in the concentration of Cr and then K, Cu, and Mg. The greatest variability was noted in the concentration of Mn and Ca. The concentration of heavy metals, Pb and Cd, characterized by relatively high values of the coefficient of variation, indicates a varied environmental exposure of the population of the subjects (children) (Table [2](#Tab2){ref-type="table"}).

Correlation analyses were conducted in order to evaluate the relation between the concentration of metals and children\'s age (Table [3](#Tab3){ref-type="table"}). The study results showed that levels of all analyzed elements in deciduous teeth decreased with age. The greatest decrease occurred in the concentration of trace elements---Cr, Pb, Cd, and Cu. Research studies by other authors have reported accumulation of metals, mainly heavy metals, in hard tissues as a result of long-lasting exposure \[[@CR2], [@CR20]\]. This phenomenon was not confirmed in this study (Table [3](#Tab3){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}). The observed smaller concentration of trace elements in deciduous teeth of older children compared with younger ones may indicate a progressive demineralization in the preparation process of teeth tissues for natural replacement. The concentration of Ca, the main component of hard tissue of teeth, in the studied deciduous teeth decreased with the age of the children (Table [3](#Tab3){ref-type="table"}). This confirms the earlier observed mineral changes in the structure of hard tissues that occur with age \[[@CR4]\]. In this study, only the concentration of Fe and Mn in teeth of the respondents did not decrease significantly with age (*p* ≤ 0.05). The obtained results were a motivation to analyze the overall changes in the concentration of the analyzed elements in deciduous teeth. For individual tissues, it is possible to work out the parameter of the so-called constants of cationic equilibrium \[[@CR21]\]. The calculated arithmetic mean value of the constant cationic equilibrium constant, which shows the changes in the contents of particular elements on the background of the total content of these elements including the content of calcium as a reference element, amounted 9.94 and was consistent with the results of other studies \[[@CR22], [@CR23]\]. With the age of the studied children, as opposed to significant changes in the concentration of analyzed elements in teeth tissues, the value of the constant cationic equilibrium did not change in a statistically significant manner (*p* ≤ 0.05) (Table [3](#Tab3){ref-type="table"}). The value of the coefficient of correlation *r* = −0.20 (*p* \> 0.05) showed no significant relation between these variables (Table [3](#Tab3){ref-type="table"}) and indicates the quantitative balance of the elemental composition of hard tissues of deciduous teeth. The value of the cationic equilibrium constant reflects the homeostasis of body tissues, in this case the hard tissue. Homeostasis is the result of many biochemical processes taking place at the same time, including absorption, transformation, and removal of elements and interactions that occur between them. By hypothesis of the cationic equilibrium constant, concentration of the individual cations with respect to the total content of these cations in the biological system is a constant value, which means that the value of the cationic equilibrium constant affects the cationic concentration of all metals tested in a given tissue and the concentration of the element characteristic of the physiology of the tissue \[[@CR12]\]. Such element in the teeth is calcium, which is present in the mineralized tissue in high concentration and has an important physiological role. Low variation of the cationic equilibrium constant found in this study, compared to the diversity of metal concentration in teeth of children of all ages, supports the striving of the elemental composition of teeth after equilibrium, which in practice results in parallel changes in the concentration of toxic elements and elements of physiological importance in tissue.Table 3Spearman\'s correlation coefficient (*r*) between metal concentration in deciduous teeth and age of children*r* valueFe−0.28Mn−0.21Ca−0.37\*Mg−0.35\*Cd−0.50\*Cu−0.47\*Pb−0.60\*K−0.38\*Cr−0.46\*Cationic equilibrium constant (CEC)−0.20\**p* ≤ 0.05, statistically significant correlations

Figure [2](#Fig2){ref-type="fig"} shows the calculated values of the cationic equilibrium constant in the teeth of children, divided into the following age groups (5--6, 7--9, and 10--14 years). In the teeth of the youngest children (5--6 years), the calculated value of the cationic equilibrium constant was the highest and exceeded the average value of the cationic equilibrium constant calculated for the teeth of all children studied (9.94). In the teeth of the youngest children, the value of the standard deviation of cationic equilibrium constant was the lowest. With the increasing age of the children studied, the arithmetic mean value of the cationic equilibrium constant decreased, and the oldest age group (*n* = 10--14 years) had the lowest value = 9.93. Decrease in the value of the cationic equilibrium constant in the age groups of children studied was not statistically significant (*p* ≤ 0.05). On the background of the statistically significant decrease in the concentration of particular elements (Cr, K, Pb, Cu, Cd, Mg, Ca) in the age function, the change in the mineral structure of the teeth in the general range of the analyzed metals, illustrated by the calculated value of the cationic equilibrium constant, showed no statistically significant differences (Fig. [2](#Fig2){ref-type="fig"}). However, the decrease in the value of the cationic equilibrium constant and the increasing value of the standard deviation in the group of older children in the study (7--14 years old) can illustrate the changes in the mineral structure of teeth with age. A statistically insignificant decrease in the value of the constant cationic equilibrium in the teeth of the oldest children (13--14 years) (Fig. [2](#Fig2){ref-type="fig"}) may indicate a more intense process of changing the mineral structure of teeth as a result of aging.

Conclusion {#Sec8}
==========

The concentration of all metals in the tissues of deciduous teeth decreased with age. The decrease in the concentrations in most studied metals (Ca, Mg, Cd, Cu, Pb, K, Cr) in deciduous teeth was statistically significant (*p* ≤ 0.05).The calculated value of the constant cationic equilibrium, which shows the changes in all studied elements, did not change in a statistically significant way with age (*p* \> 0.05).The analysis of the total concentration of the studied metals, expressed as the constant cationic equilibrium value, shows that there is a quantitative equilibrium in the elemental composition of hard tissues of teeth.
